Klebsiella pneumoniae is one of the most frequently isolated gram-negative bacterial pathogens in severe nosocomial infections (1, 21, 26) . The rapidly progressive clinical course of Klebsiella pneumonia, which is often complicated by multilobular involvement and lung abscesses (3, 22) , leaves little time to institute effective antimicrobial treatment. Similarly, other types of nosocomial Klebsiella infection are characterized by a high mortality rate. In addition, an increasing proportion of K. pneumoniae isolates are resistant to multiple antimicrobial agents commonly used in intensive care units (reviewed in reference 20) .
An important virulence factor of K. pneumoniae is the capsular polysaccharide (CPS) (35, 40) whose major pathogenic effect is thought to mainly inhibit phagocytosis (11) . Specific antibodies against CPS are protective in various animal models of infection (8, 18, 46) . There are, however, 77 different serotypes of CPS known in the genus Klebsiella (15) . Moreover, there is no significant predominance of certain serotypes (35, 55) , although serotypes K2, K21, and K7 have been found more frequently in respiratory and urinary tract infections (6, 9, 33, 34) . Apart from CPS, Klebsiella produce lipopolysaccharide (O antigen; LPS) which is an important mediator of septic shock. Since lipid A is the least variable part of LPS within gram-negative bacteria, clinical trials using immunotherapy against lipid A have focused on monoclonal antibodies (MAbs) against this part of LPS but have been unsuccessful so far (4, 53) .
Antibodies directed against species-specific O antigens yielded promising results in Escherichia coli (14, 19) and Pseudomonas aeruginosa infection (31, 32, 36) . In contrast to other gram-negative bacteria like E. coli which express more than 100 serotypes of O antigens, K. pneumoniae produces only nine different O-antigen serotypes. Four of these, O1, O2ab, O2ac, and O3, account for more than 70% of the O-antigen serotypes found in clinical isolates (45) . A specific epitope located in the core oligosaccharide was found in more than 90% of clinical K. pneumoniae and K. oxytoca isolates (51) . Since antibodies against LPS were shown to penetrate the capsule of K. pneumoniae (27, 58) , MAbs against the O antigen of K. pneumoniae may therefore be more suited as immunotherapy than antibodies against CPS. In this study, we investigated the influence of different capsule serotypes of K. pneumoniae on binding and opsonophagocytic activity of LPS-specific MAbs directed against the O1 partial antigens D-galactan I and D-galactan II as well as against the genus-specific core oligosaccharide antigen of K. pneumoniae.
(This report is part of the M.D. thesis of N. R. M. Jendrike.)
MATERIALS AND METHODS
Bacteria. The strains used are described in Table 1 . The following strains were clinical isolates from the strain collection of one of us: strain 37 (K. pneumoniae subsp. pneumoniae, source not documented), strain 151 (K. oxytoca, source not documented), strain 557 (K. oxytoca, blood culture isolate), and strain 591 (K. pneumoniae subsp. pneumoniae, urinary tract isolate). Decapsulated mutants of these strains were produced by nonmutagenic treatment as described elsewhere (35) .
LPS and CPS.
LPSs from various K. pneumoniae reference strains, prepared in our laboratories by the hot phenol-water method as described previously (54) , have been used before (45, 50, 51) . CPSs for serotypes K2, K21, and K7 were prepared from strains B5055, 1702/49, and 37, respectively, by precipitation of culture supernatants with cetylammonium bromide (Cetavlon; Merck, Darmstadt, Germany) by the method of Cryz et al. (7) . The CPS preparations have been described before (47) .
Antibodies. MAbs Ru-O1 (37), V/9-5 (51), and III/5-1 (46) have been described previously. MAb Ru-O1 is directed against D-galactan II and is a murine immunoglobulin G2b (IgG2b) antibody. MAb V/5-9 is directed against speciesspecific core oligosaccharide and is a murine IgG2a antibody. MAb III/5-1 is directed against K2 CPS and is a mouse IgM antibody. MAb IV/4-5 was generated by intraperitoneal immunization of 6-to 8-week-old female BALB/c mice with heat-inactivated (60°C, 60 min) bacteria of K. pneumoniae 7380 (O2ab:KϪ) known to express the D-galactan I antigen (56) . Four immunizations using 10 7 bacteria per injection were performed in 2-to 3-week intervals, and two mice which showed the highest serum antibody response against LPS from K. pneumoniae 7380 were sacrificed 3 days after the last immunization. Fusion of splenic lymphocytes with the mouse myeloma cell line X63-Ag8.653 and cloning of hybridomas were performed as described elsewhere (46, 51) . Clones producing specific antibody against D-galactan I were identified by enzyme-linked immunosorbent assay (ELISA) using LPS extracted from K. pneumoniae 7380 as solid-phase antigen. Clone IV/4-5 was selected from three clones producing D-galactan I-reactive MAb on the basis of stable growth during subcloning and persistently high ELISA reactivity of cell culture supernatants. The antibody subclass as determined by ELISA was IgG3.
The concentration of each MAb was determined by a direct ELISA method as described earlier (45) . Since antibody dilutions were made from mouse ascites and since there has been evidence that mouse ascites contains a substance which may inhibit complement (43), we used E. coli E701 (a kind gift from J. C. Sadoff, Washington, D.C.), which is sensitive to killing by complement and shares no cross-antigenicity with K. pneumoniae antigen D-galactan I or II, to test antibody preparations for the presence of such a substance. Ten microliters of a bacterial suspension (2 ϫ 10 8 CFU/ml) was coincubated with 10 l of complement, 10 l of ascites to be tested, and 70 l of Hanks balanced salt solution (HBSS; Servamed, Biochrom KG, Berlin, Germany) at 37°C for 2 h. Killing rates were determined as described below for the phagocytic killing assay and showed no evidence for the presence of complement inhibiting effects (data not shown).
Specific antisera enriched for antibodies against the K7 and K21 capsular antigens, respectively, were obtained as follows. Rabbits were immunized with heat-killed bacteria of strain K. pneumoniae 4140 (O1:K7) (45) . Serum was obtained after 4 weeks of immunization and stored at Ϫ80°C. A human volunteer was immunized with the 24-valent Klebsiella vaccine Klebvax (13) , and the serum was obtained as described elsewhere (17) . Specific antibodies in these rabbit and human sera were determined by means of a quantitative ELISA (48) . Antibody levels were 100 g/ml against K7 in the rabbit serum and 64 g/ml against K21 in the human serum.
Immunoblotting. Purified LPS preparations were separated by polyacrylamide gel electrophoresis as described earlier (48) . Electrophoresed LPS were either visualized directly by the silver stain procedure (39) or transblotted to a 0.45-m-pore-size nitrocellulose membrane (Millipore, Molsheim, France) as described elsewhere (17) . After blocking of nonspecific binding sites with filler buffer (47) for 1 h at room temperature, membranes were reacted overnight with a MAb diluted to a concentration of 10 g/ml. After washing, bound MAb was visualized by sequential addition of class-specific alkaline phosphatase-conjugated antibodies (Sigma, Deisenhofen, Germany) and developing substrate as described previously (39) .
Complement. Blood was drawn from five healthy volunteers, and serum was obtained by centrifugation. The five sera were pooled and then divided into aliquots, which were absorbed with the decapsulated mutants of O1 strains later used in phagocytic killing experiments. Absorptions were performed exactly as described previously (49) . After removal of the bacteria by centrifugation (1,500 ϫ g, 10 min, 4°C), the sera were sterilized through a 0.45-m-pore-size filter (Millipore, Eschborn, Germany), aliquoted, and stored at Ϫ80°C.
The efficacy of antibody absorption was measured by quantitative ELISA as described previously (48) , using purified O1 LPS prepared from K. pneumoniae Friedländer 201 as the solid-phase antigen and purified human IgG and IgM (Sigma) as standards. The detection limits of specific antibodies were 0.008 g/ml for IgG and 0.04 g/ml for IgM.
Human neutrophils. Heparinized (50 U/ml) venous blood was obtained from healthy donors. Neutrophils (polymorphonuclear leukocytes [PMN]) were isolated, and residual erythrocytes were lysed as described earlier (5) . PMN were adjusted to 2 ϫ 10 7 /ml in HBSS without calcium and magnesium and stored on ice until use. Preliminary experiments showed no variation in the activity of neutrophils from different donors (data not shown).
Inhibition ELISA with supernatants of Klebsiella cultures. To characterize the different O-antigen epitopes, we used an inhibition ELISA method exactly as described earlier (51) . In brief, microtiter plates (Greiner, Nürtingen, Germany) were coated with O1 LPS from various Klebsiella strains (2 g/ml, 100 l/well, 4°C, overnight). After blocking with filler buffer (47), plates were washed three times with phosphate-buffered saline (PBS). Klebsiella strains were grown as described previously (51), bacterial suspensions were boiled for 2 h, and bacterial debris was removed by centrifugation. The clear supernatant was added to an equal volume of MAb (10 g/ml in filler buffer), and the mixture was stored on ice for 2 h, with vortexing every 15 min. One hundred microliters of the mixture was transferred to duplicate wells of LPS-coated microtiter plates and incubated overnight at 4°C. After washing, bound LPS-specific MAb was traced as described elsewhere (51) . Controls included irrelevant MAbs of the same Ig subclass (Sigma), incubation of bacteria without MAbs, and a nonreactive E. coli strain (Bort), all of which showed no significant binding.
Binding of MAbs to intact bacteria. Binding of the MAbs to whole bacteria was determined as described earlier (51) . In brief, bacteria were grown overnight at 37°C on Mueller-Hinton agar, washed three times with PBS, and incubated for 8 min at 90°C to destroy intrinsic alkaline phosphatase activity. After another three washes with PBS, CFU counts were adjusted to 4 ϫ 10 8 /ml as described earlier (18) , and the bacteria were incubated for 1 h in filler buffer to block nonspecific binding sites. One milliliter of the bacterial suspension was centrifuged for 5 min (13,000 rpm in a no. 13 centrifuge, rotor no. 3743; Heraeus Sepatech, Heraeus, Germany), and the supernatant was discarded. The pellet was resuspended in 0.5 ml of the MAb to be tested (10 g/ml) and incubated for 1 h at 4°C with vortexing every 15 min. After centrifugation for 5 min (13,000 rpm in a no. 13 centrifuge, rotor no. 3743; Heraeus Sepatech, Heraeus, Germany), the supernatant was discarded, cells were washed as described above, and antibody bound to the bacteria was traced by incubation of the pellet with appropriately diluted, alkaline phosphatase-labeled anti-mouse IgG (Sigma) at 4°C for 1 h with vortexing every 15 min. After a second series of washes, bacterial cells were incubated with p-nitrophenyl phosphate (Sigma; 1 mg/ml in diethanolamine buffer [47] ) for 25 min. The reaction was stopped by centrifugation, and 200 l of the supernatant was transferred to a 96-well flat-bottom microtiter plate (Greiner). The optical density (OD) at 405 nm was read as described above. Controls included irrelevant MAbs of the same Ig subclass (Sigma), incubation of bacteria without primary antibodies, and use of E. coli Bort (Table 1) , all of which showed no significant binding.
Capsular swelling reaction and measurement of glucuronic acid. The swelling reaction on Klebsiella strains Caroli, 591, 37, 58, 151, and 557 was done using monospecific rabbit antisera generated in the laboratory of one of us. The presence of capsular material in the wild-type parent strains and their decapsulated mutants was also assessed by glucuronic acid determination of Zwittergentextracted bacteria (12) as described previously (2) .
Phagocytic killing assay. The phagocytic killing assay was performed essentially as described elsewhere (17, 46) . In brief, bacteria were grown into early log phase from single-colony isolates in glucose-casein-peptone broth (Unipath Ltd., Hampshire, England) for 3 h at 37°C with shaking. The bacteria were washed three times in sterile physiologic saline, adjusted to a concentration of 2 ϫ 10 8 CFU/ml (18) , and stored on ice until use. In 96-well round-bottom tissue culture plates (Greiner), 10 l of bacteria, 50 l of PMN, 10 l of antibodies in various concentrations, 10 l of normal human serum as complement source (prepared as described above), and 20 l of HBSS with calcium and magnesium were incubated for 2 h at 37°C with shaking (300 rpm). Immediately after mixing of the ingredients and at 120 min, samples (10 l) were taken from each well and placed on ice into a glass tube containing sterile distilled water with 0.1% bovine serum albumin (wt/vol) to lyse the PMN without killing the bacteria. Viable bacterial counts were determined by plating serial dilutions on Mueller-Hinton Statistical analysis. Differences in the rate of killing between the various MAbs were compared by the Mann-Whitney U test using a software package (Statistics for Windows, version 4.5; StatSoft, Tulsa, Okla.). Since multiple comparisons were made, P Յ 0.01 was considered significant. All comparisons were two tailed.
RESULTS

Characterization of different O-antigen patterns.
The MAbs bind to different parts of the O1 antigen: MAb IV/4-5 binds to D-galactan I (50), and MAb Ru-O1 binds to D-galactan II (37, 50) . MAb V/9-5, however, binds to a species-specific core oligosaccharide epitope of K. pneumoniae which is expressed by all reference strains of Klebsiella except the O serotype 7 reference strain and by 97% of clinical isolates (51) . We thus used these antibodies in an inhibition ELISA to characterize the O-antigen pattern of the strains used in this study. The results (Table 2) show that all strains expressed D-galactan I, D-galactan II, and the core oligosaccharide regardless of their CPS serotype as did the reference strain F201, thus characterizing the strains used as LPS serotype O1 strains. To investigate whether the nonmutagenic treatment used for generation of decapsulated mutants caused changes in the composition and antigenicity of the LPS, we analyzed LPS preparations of parent strains and their decapsulated mutants by silver staining and Western blotting with the MAbs. We detected no differences between the LPS before and after nonmutagenic treatment, indicating that the O-antigen pattern of the decapsulated mutants corresponded to that of their encapsulated parent strains (Fig. 1) .
Binding of MAbs to intact K. pneumoniae. We next investigated whether capsular material belonging to distinct CPS serotypes has different effects on the binding of the MAbs to their O-antigen epitopes by investigating the binding of the MAbs to intact bacteria. To assess possible inhibitory effects on binding by the capsule, we compared decapsulated mutant strains to their encapsulated parent strains. As detailed in Table 3 , the K2 CPS was most effective in reducing the binding of the MAbs to LPS, regardless which of the three MAbs was investigated. K7 CPS and K21 CPS, however, reduced binding of the MAbs to their epitopes to a much lesser, albeit still significant, extent (Table 3) . To detect a possible binding of MAb Ru-O1 despite the presence of K2 CPS, we used in separate assays a 10-fold-lower dilution of the detection antibody (1:3,000 instead of 1:30,000). Indeed, the observed OD values increased from 0.049 to 0.742 for strain Caroli. The corresponding values for the irrelevant MAbs of the same IgG subclass were 0.004 for each, indicating that the observed increase in sensitivity was not due to nonspecific binding.
To verify the significant decrease of CPS in decapsulated mutants, we investigated the binding of a MAb against K2 CPS and of polyclonal IgGs against K7 and K21 to whole bacteria. As shown in Table 3 , binding of MAb III/5-1 on strain 591/1 was reduced more than eightfold compared to the encapsulated parent strain, 591. However, some binding was still detectable, which indicated residual CPS production of this particular strain. The other decapsulated mutants of the K2 CPS serotype strain Caroli showed virtually no binding of MAb III/5-1, indicating the absence of a capsule (Table 3 ). Since there were no MAbs against K7 or K21 CPS available, the resulting binding to the encapsulated mutants is most likely due to the polyclonality of the hyperimmune IgG raised against K7 or K21 CPS. We therefore verified the absence of CPS on the mutant strains by two other independent methods. With the capsule swelling reaction, no decapsulated mutant showed a reaction. The content of glucuronic acid was three-to eightfold less in the decapsulated mutants than in the parent strains (Table 4) . Thus, there was still some residual production of K7 and K21 CPS but not enough to cause a positive capsule swelling reaction. Opsonophagocytic activity of MAbs on encapsulated K. pneumoniae. Having established the binding of the MAbs to their epitopes on decapsulated mutants as well as on encapsulated parent strains, we investigated whether these MAbs exerted opsonophagocytic effects. With the conditions used for decapsulated mutants (i.e., neutrophil-to-bacteria ratios of 1:2 and 1:8 and concentration of complement of 2.5% [see below]), neither opsonic activity of either of the MAbs on the encapsulated parent strains nor enhancement of phagocytic killing of encapsulated K. pneumoniae of either serotype was observed (data not shown). We therefore aimed to find conditions which gave more than 90% phagocytic killing of the bacteria when antibodies against CPS were used in order to obtain a standard situation in which the MAbs against O-antigen epitopes could be compared to MAbs with known opsonic activity (46) . These conditions included a concentration of 10% complement and a ratio of neutrophils to bacteria of 32:1 for CPS serotypes K2 and K7, respectively (i.e., a 64-fold increase in the relative number of neutrophils). For CPS serotype K21, the neutrophilto-bacteria ratio was 1:2, i.e., a fourfold increase in the relative number of neutrophils.
Even with those conditions, there was no opsonic activity of either of the three MAbs tested on strains Caroli and 591 (CPS serotype K2) ( Fig. 2A) . Addition of a murine IgM antibody directed against K2 CPS (MAb III/5-1), however, resulted in more than 90% killing of the two K2 CPS strains after 120 min ( Fig. 2A) . With strain 37 (K7 CPS serotype), all three MAbs showed moderate enhancement of phagocytic killing, ranging from 13% with MAb V/9-5 to 49% with MAb Ru-O1. On the other strain of the K7 CPS serotype used, 58, no MAb had significant effects in terms of phagocytic killing (Fig. 2C ) despite adequate binding to intact encapsulated bacteria (Table 3) . With strains 151 and 557 (both K21 CPS serotype), significant opsonic activity could be demonstrated only for MAb Ru-O1. The other two MAbs, IV/4-5 and V/9-5, respectively, showed no enhancement of phagocytic killing of these encapsulated bacteria (Fig. 2E) .
Opsonophagocytic activity of MAbs on decapsulated mutants of K. pneumoniae. Initial assay conditions included a neutrophil/bacteria ratio of 1:2 and a complement concentration of 10%. Since under these conditions antibodies in the serum which was used as a complement source induced phagocytic killing of strain 37/2a even without additional MAbs (80% phagocytic killing at 120 min in the controls containing neutrophils, bacteria, and complement only), the concentration of complement had to be lowered to 2.5%. With this low complement concentration, there was no killing of decapsulated mutants of the K2 and K7 CPS serotype without addition of MAbs in the various negative controls. Using the decapsulated mutants of the K21 CPS serotype, however, we found that there was still a significant phagocytic killing. We thus changed the ratio of neutrophils to bacteria for these two mutants (151/1 and 557/2, respectively) from 1:2 to 1:8.
With these conditions, MAb Ru-O1 showed the most pronounced opsonizing activity (Fig. 2B, D, and F) . With mutants (Fig. 2B, D, and F) . MAbs IV/4-5 and V/9-5, however, had only minimal effects on the killing rates of mutants Caroli/2 and 591/1 (K2 CPS serotype), respectively. MAb V/9-5, however, showed a higher activity on one of the two mutants with the K7 and K21 CPS serotype. MAb IV/4-5 had moderate opsonic activity for mutants derived from K21 CPS serotype strains but not for all other strains investigated (Fig.  2B, D, and F) . We have demonstrated previously that human serum contains antibodies against LPS from various gram-negative bacteria (48) . To investigate whether the differences in opsonic activity of the respective MAbs might be caused by antibodies in the pooled human serum used as complement source, we measured the content of specific antibodies against K. pneumoniae O1 LPS by a quantitative ELISA. Before absorption, the pooled human serum contained 6 g of O1 LPS-specific IgG antibodies per ml and 16 g of O1 LPS-specific IgM antibodies per ml. This was in the range of the concentration of naturally occurring antibodies against this antigen which we have found previously in human Ig preparations (48) . After thorough absorption with decapsulated O1 strains, the concentration of O1-specific IgG antibodies decreased to 0.11 g/ml (absorption with strain 37/2a), 0.04 g/ml (absorption with strain Caroli/2), and 0.06 g/ml (absorption with strain 151/1). The concentration of O1-specific IgM antibodies decreased to 0.07 g/ml (absorption with strain 37/2a), Ͻ0.04 g/ml (absorption with strain Caroli/2), and Ͻ0.04 g/ml (absorption with strain 151/1). Since controls using PMN, bacteria, and complement without antibodies showed no killing of the bacteria, and since the concentrations of O1-specific antibodies (IgG as well as IgM) in the complement source are 50-to 100-fold lower than the concentration of the MAbs (5 g/ml) after absorption with decapsulated mutants, enhancement of opsonic activity by the complement source is unlikely.
DISCUSSION
CPS of K. pneumoniae has been shown to behave as a partial barrier against O-specific antibodies (9, 23) . In the present study, we describe the binding of MAbs against different regions of the O antigen of K. pneumoniae to their epitopes on intact bacterial cells and the effects of various capsule serotypes on this binding and on subsequent functional activity of these MAbs. Our results show that all three MAbs bound to the intact bacteria when decapsulated mutants were studied. MAb Ru-O1 showed the strongest binding both to encapsulated strains as well as to decapsulated mutants (Table 3 ). This was reflected by the results of the phagocytosis studies in which MAb Ru-O1 had the most pronounced opsonic activity against all six decapsulated mutants and against three of the six encapsulated parent strains studied (Fig. 2) compared to the other MAbs, IV/4-5 and V/9-5.
Although MAbs IV/4-5 and V/9-5 bound equally well to intact encapsulated and decapsulated bacteria (Table 3) , there was only minimal opsonic activity against all strains and mutants studied except the decapsulated mutants 37/2a, 151/1, and 557/2 (Fig. 2) . The differences in relative efficacy between the three MAbs studied may be explained in part by the fact that those MAbs belong to different IgG subclasses (IV/4-5 being mouse IgG3, V/9-5 being mouse IgG2a, and Ru-O1 being mouse IgG2b). Indeed, MAb Ru-O1 (IgG2b) showed enhancement of opsonophagocytic killing in all six decapsulated mutants, MAb V/9-5 (IgG2a) showed enhancement of opsonophagocytic killing in four of six decapsulated mutants (Caroli/2, 37/2a, 151/1, and 557/2), whereas MAb IV/4-5 (IgG3) enhanced phagocytosis in only two out of six decapsulated mutants (151/1 and 557/2) (Fig. 2B, D, and F) . These data suggest a role for the Ig isotype with regard to the relative efficacy of the MAbs (Ru-O1 Ͼ V/9-5 Ͼ IV/4-5). However, the epitope to which MAb V/9-5 binds (core oligosaccharide) is the most internal epitope, whereas D-galactan I, the binding epitope of MAb IV/4-5 is located more distant from the bacterial cell surface. The outermost epitope is D-galactan II, which is covalently bound to the outermost end of D-galactan I (52). Thus, deducting from the epitope location, and hence from the accessibility for binding of the MAbs to the epitopes, the expected order of relative efficacy of the MAbs studied would be Ru-O1 Ͼ IV/4-5 Ͼ V/9-5. As shown in Fig. 2B , D, and F, however, the efficacy of MAb IV/4-5 is inferior to that of MAb V/9-5 in terms of phagocytic killing.
With E. coli and P. aeruginosa, there have been differences in functional activity between the murine IgG subclasses, mostly at low antibody concentrations (30, 36, 38) . There, IgG2a demonstrated the most pronounced bacterial killing activity second only to IgM (30) . Furthermore, IgG3 has been shown to even block protective effects of IgG1 and IgG2a MAb's in lethal cryptococcal infections (29) , but it could be made protective when switched to a different isotype (60) . Here, IgG2 was more protective and opsonic than IgG1; however, in contrast to bacterial infections studied (30), IgG2b was superior to IgG2a (60) . Other studies on functional differences of various murine IgG subclasses in K. pneumoniae are lacking. Taken together, the data indicate that both epitope location and isotype likely contribute to the relative efficacy of the antibodies studied. Isotype-switch variants of those MAbs (e.g., generating an IgG2a isotype switch of MAb IV/4-5) may help differentiate the relative role of isotype versus epitope location. In addition, since D-galactan I displays structural heterogeneity on living bacteria (44) , this may also contribute to the lower activity of MAb IV/4-5 than of MAb Ru-O1.
CPS of K. pneumoniae has been shown to behave as a partial barrier against O-specific antibodies (9, 23) . This property, however, depends on the capsular serotype since CPS serotype K1 acts as a complete barrier (23) whereas CPS serotype K2 permits partial penetration of anti-O-antigen antibodies (9, 27) . With encapsulated strains, no opsonophagocytic killing could be observed when assay conditions similar to those of decapsulated mutants were used (data not shown). Facilitating the opsonophagocytic killing conditions by increasing the rel- ative number of neutrophils and the concentration of complement, however, led to significant killing of encapsulated strains of the CPS serotypes K7 and K21 but not of CPS serotype K2 (Fig. 2) . This finding correlated with the enhanced binding of all three MAbs to encapsulated K7 and K21 serotype strains compared to strains Caroli and 591 (CPS serotype K2) ( Table  3) . In contrast, there were no significant differences in binding of the three MAbs to encapsulated strains or decapsulated mutants of CPS serotype K7 versus K21 (Table 3) . With regard to phagocytic killing, however, strains 37 and 58 (CPS serotype K7) and their decapsulated mutants were less susceptible to opsonization by MAb IV/4-5 and V/9-5 than their counterparts of CPS serotype K21 (Fig. 2) . This was also reflected by the assay conditions, where the relative number of neutrophils had to be 64-fold higher with strains of CPS serotype K7 than with strains of CPS serotype K21 and 4-fold higher with the decapsulated mutants 37/2a and 58/5 than with mutants 151/1 and 557/2.
The susceptibility for opsonophagocytic killing mediated by O-antigen-specific MAbs in this study correlated with the capsular serotype (K2 Ͻ K7 Ͻ K21), indicating a specific effect of different CPS compositions. The expanse of the capsule, however, may be equally important, since the virulence of K. pneumoniae correlates with the amount of CPS production (10) . Antibodies against O antigens were shown to penetrate through the capsule of K. pneumoniae but to be covered by CPS without being able to exert opsonic effects (27, 40, 58) . To test this possibility, we measured the content of glucuronic acid as a parameter for the amount of CPS production. Although strain Caroli (K2 CPS) produced less glucuronic acid than did strain 37 (K7 CPS) (Table 4) , the latter strain was killed more efficiently in the presence of either MAb (Fig. 2) . Likewise, MAb IV/4-5 enhanced phagocytic killing of strain 37 (K7 CPS) significantly more than it did with strains 151 and 557 (K21 CPS), respectively (Fig. 2) , despite the former producing four-to fivefold more glucuronic acid (Table 4) . On the other hand, we found differences in the effectivity of one MAb on enhancement of phagocytic killing between strains of identical CPS serotype and similar production of glucuronic acid (Table 4 ; Fig. 2) . Thus, the different outcomes may be attributable not only to variances in CPS production but to the composition of CPS as well. CPS of serotypes K2, K7, and K21 has been shown to be permeable for O-antigen-specific antibodies in whole-cell binding experiments, but the functional relevance of this observation has not been studied (28) . Also, our results confirmed previous studies showing that the production of K2 CPS led to enhanced hydrophilic properties of the bacterial surface (35) and to enhanced resistance against phagocytic killing compared to the production of K7 CPS (13, 35) .
Antibodies specific for O antigens increased phagocytosis of K. pneumoniae in vitro (56, 59 ) and protected in vivo against experimental bacterial challenge (37), even though they had to be given in a 200-fold-higher dose in order to be as protective as antibodies against CPS (37) . In addition, MAbs against the core oligosaccharide of K. pneumoniae were protective in both lethal endotoxemia and experimental intraperitoneal infection (25) . Since different growth conditions as well as antimicrobial agents change the production and composition of CPS (16, 24, 57) , combination therapy with MAbs against O-antigen epitopes and antibiotics may be effective even in the presence of extensive CPS production.
Specifically, the in vitro phagocytosis data obtained with MAb Ru-O1, which show killing of the decapsulated strain K. pneumoniae Caroli/2 but not of the encapsulated parent strain K. pneumoniae Caroli, seem to contrast with previous in vivo data from our laboratories demonstrating protective efficacy of MAb Ru-O1 against the encapsulated strain K. pneumoniae Caroli in mice (37) . However, during multiplication in vivo, significant subpopulations of encapsulated organisms may have a thinner capsule or even lack the capsule, as suggested by data for E. coli (14) . Furthermore, in addition to promoting phagocytosis, O-antigen-specific MAbs may also exert protection by neutralizing circulating free LPS and thereby reduce activation of proinflammatory cytokines (14) . Indeed, Straus et al. showed that the release of soluble LPS plays a significant role in the pathogenesis of Klebsiella-induced lung injury (41, 42) .
In conclusion, our results confirm that MAb against O antigens can penetrate through capsules belonging to different CPS serotypes and demonstrate the functional significance of this observation by showing that they exert opsonic activity depending on the CPS serotype. In this respect, antibodies against partial O antigens which are located on the outer regions of the LPS seem to be more effective than those directed against epitopes located next to the bacterial cell wall. Together with CPS-specific antibodies, they might provide a basis for a second-generation O-K passive immunotherapy against K. pneumoniae infection as has been shown for E. coli (14) . Experimental and clinical studies to test this approach are clearly needed.
